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In this post-genomic era, there is an enhanced demand for information-enriched combinatorial libraries which are high-quality, chemically and physiologically stable, diverse, and supported by measured and predicted data. Furthermore, specific marker libraries could be used for early functional profiling of the genome, proteome, and metabolome. In this new operating model, called "combinatorial chemical genomics", an optimal combination of the marker and high-quality libraries provides a novel synergy for the drug discovery process at a very early stage.
INTRODUCTION: NEW CHALLENGES IN THE POST-GENOMIC DRUG DISCOVERY
Combinatorial chemistry has evolved to provide novel chemical entities for screening by increasing both the number and diversity of the compounds supplied. On the other hand, in the post-genomic era 3000-10 000 new disease-related targets are expected to emerge. The increasing number of small molecules and the potential targets, however, does not automatically lead to higher efficiency of the whole drug discovery process.
The major task in the post-genomic discovery is to establish a synergy between the increasing number of targets and small molecules in many aspects. The new targets will provide novel therapeutic interventions of traditional and newly emerging diseases with more specific, efficient, and safer small molecules.
One of the new trends in the post-genomic drug discovery is that the chemical libraries can be implemented in the early phases of the genomics-based drug discovery scheme (Fig. 1) . Chemical genomics is expected to accelerate the determination of the function and biological role of the gene, through small-molecule interactions with the protein encoded by the gene (this is often referred to as chemical proteomics). Small molecules provide multiple opportunities for "genome or proteome mining" [1, 2] . Known robust inhibitors/agonists/antagonists are able to identify targets that belong to cer-tain enzyme or receptor families. However, in the human genome we anticipate completely new disease-related molecular targets that do not fit into currently known families. Those proteins can be quickly identified primarily by novel combinatorial libraries (indicated as drug candidates) in biological media such as originating from diseased tissues or samples. Figure 1 presents a new parallel discovery model [2, 3] where combinatorial libraries are linked to target identification by joint application of marker (reporter) and quality libraries that simultaneously provide hit compounds. In further steps, the selective ligand-binding interaction validates the target, and inversely the binding to the target confirms the biological activity of the ligand.
The laborious target validation phase is a real bottleneck in post-genomic drug discovery and prevents the fast impact of genomics on the development of new drugs. In vitro proteomics provides only indirect information about protein function, since gene transcription and translation are different in tissues, cells, and organs. That is the major challenge combinatorial chemistry faces and provides a solution through chemical genomics.
The ligand-driven approach shortens significantly the routine proteoma screening for identifying "druggable" targets that allow effective small-molecule therapeutic intervention and also provides help to in vivo functional genomics/proteomics. In the new, parallel operating model [3] , ligand-driven target validation is simultaneous to lead optimization, which is carried out with a series of focused libraries.
One of the major responses to the post-genomic challenge [4] is the development of special libraries and their integrated use with diverse discovery libraries. Furthermore, the quality of the discovery libraries should be radically improved, and a rapid increase in productivity is needed in chemical synthesis as well as in high-throughput screening. Library members linked with special functionalities are able to mimic biological target validation steps using normal and diseased tissues, such as "knocking out" different functions at a cellular level and blocking signaling pathways by chemically interacting with the molecular target. Chemical genetics, using small molecules to selectively disrupt signals or modulate phenotypic changes through interaction with proteins, basically mimics the effect of mutations that lead to the development of disease states [5] .
The whole parallel process requires integrated technologies with increased high-throughput from library generation to screening, which leads to an explosion of the data recorded. With the implemen- tation of proper standardization of data acquisition, large compatible databases will be easily generated. They can simply reveal intrinsic and comprehensive new structure-property relationships that can be the starting point for novel in silico tools [6] . Chemoinformatics and bioinformatics further refine the above process, contributing to the quality of libraries and target functional identification as well as validation and optimization.
COMBINATORIAL SYNTHESIS IN THE POST-GENOMIC ERA
A major new trend in the post-genomic combinatorial library generation is the integration of different technologies and, in principle, finding the best choice for specific purposes.
Solution-, solid-, and fluorous-phase technologies show a markedly different productivity and development timeline (Fig. 2) . Solution-phase combinatorial chemistry can apply directly to all the accumulated synthetic knowledge of organic chemistry without any extra effort. On the other hand, for solid-phase synthesis the solution-phase protocols will be adapted. The emerging fluorous-phase technology represents an interface between the above technologies, combining the advantages of both of them.
Combinatorial library design and virtual library generation combine a high level of organic chemistry knowledge with computer-assisted methods, including synthetic matrix planning, reagent database retrieval, and different, state-of-the-art selection methods.
In our practice, we use an in-house, established chemical reaction catalog with validated procedures, together with our "drug-like" multifunctional building block collection to define the optimal diversity building route (2-6 steps) in a cascading, tree-like manner (Fig. 3 ). This strategy is realized by ComGenex matrix technology (CMT) [7] , utilizing manual and robotized parallel synthesis stations of different size that reflect the cascading diversity building approach.
CMT is practically a sequential split-pool technique where the intermediates are divided into small portions after each diversity-building synthetic step and reacted with a pool of different reagents in a parallel manner in isolated vessels. CMT is practically a technological line that also contains stateof-the-art selection methods (diversity, drug-likeness, and ADME prefiltering), reaction piloting, HT purification, and analytics.
INFORMATION-ENRICHED, HIGH-QUALITY DISCOVERY LIBRARIES
The chemical genomics approach requires higher standards of the discovery libraries. This new challenge can be handled at multiple levels. First, each member of a combinatorial library should be characterized according to a hierarchical data acquisition scheme. This scheme includes the following:
• proper chemical characterization and quality control • proper estimation for chemical stability Secondly, the compounds characterized in the above manner can be pooled into combinatorial libraries based on structural diversity, ADME admissibility, specific physicochemical parameter requirements, or according to target-related biological activities.
Most practically, the compound characterization should be performed before any synthetic efforts, however, the present structure-property relationships are still limited in certain areas and the accuracy of the in silico assessment needs significant improvement.
As a response to this challenge in the post-genomic combinatorial library generation we propose a good compound characterization practice (GCCP) [8] , that integrates the measured, measurementbased predictive, and in silico predicted data (Table 1 ). While some of the properties are already evident and accepted for chemical characterization and quality control, more uniform characterizations are needed in order to meet the drug "developability" requirements and increase the success rate in the preclinical and clinical phases.
Estimation of ADME/Tox-related parameters
The in vitro nature of HTS techniques generates hits with often unfavorably low absorption and metabolic stability and fast clearance; in other words, with poor oral bioavailability. In the late 1990s, early assessment of the ADME/Tox properties of libraries was recognized [9] in order to identify and eliminate candidate molecules that are unlikely to survive later stages of discovery and development. Thus, a new slogan was put into operation: "fail fast, fail cheap".
In the efforts of "turning chemicals into drugs" [9] , ADME-related physicochemical parameter limits are generally applied as Lipinski's rule (for Mwt, log P, log D, H-donors, and H-acceptors) [12] in the synthetic design phase, removing reagents contributing to the violation of the limit.
HPLC platforms that are primarily used for the high-throughput quality control of the compound libraries allow a different type of parameter prediction based on the measured retention times. Chromatographic hydrophobicity index (CHI) was introduced by Valkó at GlaxoSmithKline [10] . CHI values are used to estimate lipophilicity if the reversed-phase HPLC system is calibrated with a representative set of compounds. Valkó et al. further refined the model to predict cell permeability and oral absorption using measured CHI values together with calculated molar refractivity (cMR) as a size parameter [10] .
Chemical stability and shelf-life estimation [11]
Archiving compound collections in solid state or in frozen dimethyl sulfoxide (DMSO) for repeated biological assays often leads to chemical degradation, thus, false-positive activity measurements. It is assumed that degradation processes are accelerated by elevating the storage temperature. The degradation rate at high temperature is characteristic of the structure, and it can be used to estimate the shelflife under storage conditions at various temperatures by using the Arrhenius kinetic model [11] .
The shelf-life of a compound, library, or repository according to our definition is a time interval that the species is expected to remain within an approved purity specification under the required storage conditions.
In vitro ADME/Tox measurements
For in vitro measurement of ADME/Tox parameters, cell-based HTS methods are utilized. The details are reported in a recent review [13] .
NEW GENERATION OF COMBINATORIAL LIBRARIES FOR CHEMICAL GENOMICS/ PROTEOMICS
Compound pools characterized by high-value data allow a generation of quality libraries based on diversity or target-oriented selection. Maximizing the diversity of a compound library is the central concept in combinatorial chemistry, by removing structural redundancy and covering most of the property space. The approaches that address the issues of chemical diversity go beyond the focus of the present account [19] .
On the other hand, quality libraries can be used early in the post-genomic discovery without any modification or together with the attachment of special functionalities in order to measure direct interaction with proteins as gene-products (Table 2) . Simple affinity selection methods use label-free compound mixtures or microarrays; however, for identification of ligand target pairs, if they are not covalently attached, deconvolution or spatial decoding and further iterative refining steps are needed.
The major feature of covalent bond-forming libraries is a creation of the stable linkage between the small molecules and the biopolymers targeted by the ligand or substrate toward the active site. The stable covalent linkage survives proteolysis, chemical fragmentation, and sequencing; thus, the small molecule will stay trapped within the active site during the entire manipulation.
The covalent bond-forming libraries [22] have the following elements: ligand, chemical (electrophilic) or photoactivatable reactive group, reporter tag, and linker. The utility of electrophilic covalent probes is limited to specific enzyme classes [21] only, where mechanism-based inactivators and irreversible inhibitors have been developed over the years.
Photoactivatable marker libraries represent small-molecule libraries, where a photolabile crosslinking unit together with a reporter tag (fluorescent, biotin, or isotopic label) (Fig. 4) is attached to each compound at various sites around a core structure. In contrast to the electrophylic probes, they bind reversibly in dark, and only irradiation at defined wavelengths results in the covalent attachment [20] .
Another advantage of photolabile ligands/substrates compared with the chemical probes is that they do not require nucleophilic functional groups within the binding region. Finally, but most importantly, irreversible inhibitor probes can conjugate only enzymes, while the photoprobes can react with virtually all the proteins.
In our practice, where ca. 10 000-25 000 compounds are synthesized each month, marker library generation is implemented into the general synthetic design and realization scheme directly utilizing intermediates as precursors. The marker unit is attached to a suitable (or tethered) functionality in a late step of the synthesis (Fig. 5) . The marker compounds constitute a sublibrary related to their label-free counterparts. The simultaneous production and the combinatorial design approach make the process highly efficient, unlike the traditional photoaffinity technique.
The marker libraries can be classified into diverse or focused subsets. For target identification/validation, a highly diverse sublibrary is used. The libraries contain a collection of known reference substrate/ligand photoprobes (functionality directed marker libraries) and/or a diverse photolabile subset of novel drug-like compounds (discovery marker library). Through competition experiments with label-free discovery library members, further hits can be identified directly from the crude tissue or proteome. Cell-based assays often provide hits where the exact target is not known. Based on the hit structures, a focused marker library can be prepared where the photoactivatable groups are placed separately at the variable sites around the core (scaffold) structure. These libraries can be used to identify the intracellular molecular target.
In the next section, we discuss a specific example of how to generate a focused marker library based on a known antagonist structure.
EXAMPLE: INVESTIGATION OF THE POLYMORPHISM OF DOPAMINE D4 RECEPTORS BY CHEMICAL GENOMICS METHODS
After the completion of the Human Genome Project in the "post-genomic" era, genetic studies focus on the function and the variations of the genetic information. The variable part of the human genome is 0.1%, which adds up to 3 million base-pairs; these variations are mostly single nucleotide polymorphisms (SNP), but length polymorphisms (insertions, deletions, and repeat polymorphisms) are also described. A large number of these variations are thought to lack any function, being in the non-coding region. However, SNPs resulting in illnesses are also well known, they are usually referred to as point mutations and often cause the decreased or missing activity of an enzyme. On the other hand, length polymorphism can also be linked to altered intracellular signaling through different expression or modified binding affinity to certain chemical messengers, etc., leading to specific disorders.
Polymorphisms in the gene of the dopamine D4 receptor
Dopamine is one of the most important neurotransmitters of the central nervous system taking part in the regulation of movements, emotions, and the neuroendocrin system. Dopamine takes its effect on the dopamine receptors that belong to the G-protein coupled receptors possessing 7 transmembrane domains. The dopamine D4 (DRD4) and D2 (DRD2) receptors belong to the D2-type receptor family; they take their intracellular effect by decreasing the level of cAMP. D2 receptors can be found mostly in the striatum, nucleus accumbens, tuberculum olfactorium, and substantia nigra and play a significant role in the control of movements. DRD4 receptors cannot be found in the nigrostriatal pathway, but they are mainly in the limbic system (prefrontal cortex, amygdala, hypothalamus). This pattern of location of the two different receptors explains the features of the atypical antipsychotic drugs: they are specific antagonists of the dopamine D4 receptors, thus, they are efficient in the therapy of schisophrenia without strong extrapyramidal side effects.
Recently, the dopamine D4 receptor gene has become the focus of psychogenetic studies, since a large number of polymorphisms were described in both the coding and the 5′ untranslated region of the gene. The unique polymorph structure of the D4 receptor is responsible for the diversity of its involvement in the dopaminerg regulation. One of the most investigated polymorphisms is a variable number of tandem repeats in exon III, where the number of copies of a 48-bp-long sequence varies from two to ten [23] . This part of the gene codes the third cytoplasmatic loop of the receptor protein, which probably plays an important role in signal transferring being associated with the G-proteins. The assumed difference between the function of the proteins possessing long and short cytoplasmatic loop was demonstrated in vitro: the cAMP decreasing activity of the 2x or 4x form is twice higher than that of the 7x receptor. However, there is not a simple parallel relation between the number of copies and the function of the receptor: the 10x protein was described to have the highest efficiency [24] .
Benjamin [25] and Ebstein [26] demonstrated an association between the DRD4 exon III VNTR (variable number of tandem repeats) and psychological traits, e.g., novelty-seeking personality trait, and numerous workgroups studied psychiatric disorders such as the development of attention deficit hyperactivity disorder (ADHD) [27] . Figure 6 shows the result of the genotyping of the DRD4 exon III 48 bp VNTR of a series of 8 samples. Based on the position of the primers used in our experiments, the expected size of the PCR
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product can be calculated using the 283 + 48n equation where n is the number of repeats. The most common form can be seen in case of sample 6: the single 475-bp-long fragment shows that this person possesses the 4 times repeated form on both alleles in homozygous form shortly referred to as "4x/4x". The other samples are heterozygous for the polymorphism, their genotypes are 1: "4x/7x", 2: "2x/7x", 3: "3x/4x", 4: "4x/5x", 5: "4x/7x", 7: "3x/4x", 8: "2x/3x", respectively. The third band with the smallest electrophoretic mobility in the case of the heterozygous samples is the so-called "heteroduplex", a double-stranded DNA formed by a shorter and a longer strand during the PCR. Although the size of this molecule is smaller than that of the long double-stranded DNA fragment, because of the irregular conformation it migrates slower than both the short and the long PCR-product. Lane M shows the separation of a 100-bp ladder.
Medical considerations
Exploration, diagnoses, and treatment of D2 and D4 receptor-linked disorders require selective ligands effective in the nanomolar range. Combinatorial chemistry provides HTS technique for rational ligand/drug design, allowing the synthesis of thousands of substances around a chemical core structure. In silico hit selection based on molecular fingerprint similarity to known D4 selective ligands resulted in the identification of nearly 1000 compounds from ComGenex's repository. Determination of in vitro hits by means of receptor binding studies allows lead optimization based on quantitative structure-activity relationship (QSAR). Ligands identified based on affinity and selectivity criteria should be used for mechanistic studies such as: (1) elucidation of the mechanism of action, e.g., the role of the activation of extracellular signal-regulated kinases (ERKs); (2) clarification of the importance of allosteric regulatory sites; (3) determination of ligand selectivity to polymorph variants and the therapeutic importance of this selectivity; (4) elucidation of the regulation of D4 receptor density through desensitization and down-regulation, which is not known at present. The above achievements should contribute to the better understanding of CNS function and medical control.
Optimized leads screened with ADME/Tox in silico prediction tools, MetabolExpert and HazardExpert [13] , showing required "drug-likeness" should enter in vivo animal studies and clinical phase. Approved candidates become drugs, directly improving the quality of life for those suffering in dopamine-linked medical conditions such as Parkinson's disease, schizophrenia, social disorders, and enhancing generic well-being. 
Photomarkers as probes
Dopamine D4 polymorphism can be studied with the previously described chemical genomics armory. As assumed, a photoactivatable D4 antagonist probes (Schemes 1-2) could covalently modify the receptor at the binding site, and the cross-linking pattern can be recorded. That pattern contains all the covalently modified amino acids in the sequence. Since the cAMP decreasing activity strongly depends on the repeated alleles, this length polymorphism very likely causes changes in the secondary structure of the biopolymer. Thus, D4-specific photoaffinity probes can lead to a specific cross-linking pattern related to the polymorphism. Through validating the pattern with a series of photophores (a focused library around the core of the antagonist structure) a fast and reliable tool could be provided. Furthermore, polymorph-selective antagonist variants can be easily developed using that ligand-driven technology. Photocovalent irreversible probes should also be used for the determination of polymorph receptor subtype density in different brain regions, which is not mapped at present.
CONCLUSIONS AND OUTLOOK
The post-genomic era initiated a differential development on combinatorial chemistry. The quality requirements are much higher for the discovery libraries, while new generation of combinatorial libraries have to emerge to study the proteome/genome directly by affinity-directed methods. The implementation of the chemical genomics/proteomics in the drug discovery pipeline leads to a shortcut through identifying hits and their potential target in just one single step. That new approach shortens significantly the routine proteoma screening for target identification and supports the in vivo functional genomics/proteomics technologies and the lead optimization.
The new parallel discovery model [2, 3] requires rapid technological advancement: miniaturization and nanotechnology, which can produce millions of compounds per week that can be immobilized as small-molecule arrays on glass [14] , or gold surface and surface plasmon resonance is used for detecting the binding.
Finally, in the near future, ultra-thin surfaces [28] , microfluidic networks [29] , and related chipbased microsystems [30] will allow synthesis, purification, and high-throughput screening in the same device, providing another milestone on the way to total integration.
